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Abstract— CMOS image sensors (CISs) hardened by design
against total ionizing dose (TID) are exposed to neutron
fluences beyond 1014 n(1 MeV)/cm2. Neutron-irradiated devices
show a huge increase in the dark current affecting uniformly
the pixel array which leads to Gaussian shape dark current
distributions. Moreover, random telegraph signal behavior is
hardly detectable at these very high neutron fluences since the
fluctuation amplitudes are hidden by the dark current shot
noise. It is observed that neutrons induce a change in the
depleted volume in impacted photodiodes because of doping
profile modifications which are responsible for the decrease in
the charge-to-voltage conversion factor and quantum efficiency.
Even if neutron-induced degradations affect all the image sensor
performances, results show that this technology is still functional
after having absorbed 8.1 × 1014 n(1 MeV)/cm2. Image sensors
are still able to capture an image without significant degradation
compared to nonirradiated devices. Such TID radiation-hardened
CISs are thus highly promising for applications where both high
TID and high neutron fluence radiation tolerance are required.
Index Terms— Charge-to-voltage factor, CMOS image sensors
(CISs), dark current, displacement dose damages, neutron irra-
diation, quantum efficiency (QE), radiation hardness, random
telegraph signal (RTS).
I. INTRODUCTION
D ISPLACEMENT damage dose (DDD) effects have beenstudied in CMOS image sensors (CISs) and, more gen-
erally, in active pixel sensors (APSs), for nearly two decades
(see [1]–[3] for some examples of early works and [4] for an
extended list of references). Although silicon particle detectors
in high-energy physics experiments at Large Hadron Col-
lider (LHC) are exposed to neutron fluences up to 1015–1016
cm−2 [5]–[7], most CIS displacement damage studies focus
on fluences and DDD levels relevant for space applications
(i.e., proton or neutron fluence below 1012 cm−2 and DDD
below 104 TeV/g). Only limited information is available on
the behavior of such technologies at higher radiation levels
(few results can be found in [8]).
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The recent development of Megagray (MGy) radiation-
tolerant CIS [9], [10] paves the way to use CIS in ultrahigh
dose environments for nuclear power plants, nuclear waste
monitoring, as well as for ITER remote handling viewing
systems and future space missions toward Jupiter moons.
Although the applications driving those developments
mainly require a high total ionizing dose (TID) tolerance,
using this technology in areas of ITER or nuclear power
plants where the neutron fluence is several orders of mag-
nitude higher than in space applications is envisioned. How-
ever, this specific radiation-hardened CIS has never been
exposed to high DDD and its performance degradation is
difficult to foresee in such unexplored range of proton/neutron
fluences.
In this article, MGy radiation-tolerant CIS are exposed
to neutron fluences beyond 1014 n(1 MeV)/cm2 and their
performance characteristics are studied after irradiation to
estimate the capability of this technology to be used in a high
DDD environment.
II. EXPERIMENTAL DETAILS
For this study, a CIS has been designed and manufactured
using a commercial-grade CIS 180-nm process. The device
has been radiation-hardened by design by ISAE-SUPAERO.
The studied CIS is a 10-μm-pitch 128 × 256-3T-pixel-array
designed only with 1.8-V enclosed layout transistors
(ELTs) [11] to mitigate parasitic sidewall leakage current and
radiation-induced narrow channel effects (RINCE) [12].
The selected pixel layout (see cross section in Fig. 1) for this
study is the gate overlap design with gate isolation between
adjacent pixels instead of shallow trench isolation which is
normally used in this CIS technology [13].
Two neutron irradiations (energy spectrum up to 50 MeV,
details reported in Table I) were performed at the Université
Catholique de Leuven, Leuven-La-Neuve, Belgium,
up to a fluence of 8.1 × 1014 n(1 MeV)/cm2 (DDD of
1.55 × 106 TeV/g).
CIS characteristics were measured after one year of
annealing at room temperature (due to the activation of
the CIS and its packaging after irradiation). For this
study, all the measurements are performed in the nominal
electrical configuration, e.g., reset voltage = 1.8 V and gate
voltage 0 V.
Fig. 1. Cross section of the investigated photodiode. NCIS, n-doped
photodiode; RST, reset; SCR, space charge region.
TABLE I
SUMMARY OF NEUTRON IRRADIATION CONDITIONS
Fig. 2. Raw image captured by (a) full 128 × 256 pixel array
before irradiation, (b) after 1.12 × 1014 n(1 MeV)/cm2, and (c) after
8.1 × 1014 n(1 MeV)/cm2 with comparable illumination conditions. No image
processing technique has been applied to enhance the image quality.
III. ULTRAHIGH NEUTRON EFFECT ON CIS
The electrical characterization of a TID radiation-hardened
CIS after neutron irradiation at fluences up to
8.1 × 1014 n(1 MeV)/cm2 is reported in Sections III-A–III-D.
They present the major parameters impacted by neutron
irradiation and discuss the degradation due to neutron
irradiation.
A. Images Captured With Irradiated CIS
Raw images captured before irradiation, Fig. 2(a),
after 1.12 × 1014 n(1 MeV)/cm2, Fig. 2(b), and after
8.1 × 1014 n(1 MeV)/cm2, Fig. 2(c), show that the radiation-
hardened CIS has survived ultrahigh fluences. It is still oper-
ational after the highest irradiation step. This indicates that
the readout circuitry and ELT transistor are still functional
after such high DDD. It is worth noting that no bias com-
pensation has been applied during measurements presented in
this study while it is required when high TID is considered
to keep the same driving current in the readout chain of
the CIS. This compensation is needed when significant TID
Fig. 3. Opto-electrical transfer function of a gated diode before irradiation
and after 1.12 × 1014 n(1 MeV)/cm2 and 8.1 × 1014 n(1 MeV)/cm2 at
650 nm. The integration time during measurement is ∼3 ms. Measurements
are performed at room temperature.
[∼100 kGy(SiO2), one order of magnitude higher than the TID
reported in Table I] is deposited since the transistor leakage
current is mainly driven by TID-induced positive trapped
charges in the transistor oxide [13].
Furthermore, comparison of the three images highlights
that the imaging capability of irradiated CIS is sustained.
It suggests that the TID radiation-hardened photodiodes could
thus be employed in DDD environments.
B. Opto-Electrical Parameters
The opto-electrical transfer functions before and after neu-
tron irradiation are presented in Fig. 3. Neither the saturation
voltage reduction nor the dark signal increase are sizable after
1.12 × 1014 n(1 MeV)/cm2.
Although the saturation voltage does not decrease even at
the highest DDD (see Fig. 3, black rectangle), the 8.1 ×
1014 n(1 MeV)/cm2-irradiated sensor curve shows an increase
in the dark signal due to the dark current increase. Despite
this dark signal increase at the highest dose, results presented
in Fig. 3 demonstrate that the CIS dynamic range does not
decrease drastically which further suggest their capability to
withstand high DDD.
Moreover, a slope decrease with the increase of DDD is
observed, as highlighted in Fig. 3 by the red dashed circle
in the linear region of the opto-electrical transfer function.
This slope change already appears at the lowest investigated
fluence which means that the photon collection sensitivity
is rapidly impacted by neutron irradiations. This may be
attributed to two different parameters: the charge-to-voltage
conversion factor (CVF) and the quantum efficiency (QE) of
the photodiode.
The responsivity of an image sensor, i.e., the slope of
the opto-electrical transfer function, at a given wavelength is
defined as
Responsivity(e − /photons) = CVF × QE. (1)
Fig. 4 reports the CIS spectral response [in terms of
the responsivity defined in (1)] in the 400–800-nm wave-
length range. Fig. 4 highlights that the responsivity drops
Fig. 4. Responsivity of a gated diode before irradiation and after 1.12 ×
1014 n(1 MeV)/cm2 and 8.1 × 1014 n(1 MeV)/cm2 from 400 to 800 nm.
Fig. 5. Mean–variance characteristics of the gated diode before irradiation
and after 1.12 × 1014 n(1 MeV)/cm2 and 8.1 × 1014 n(1 MeV)/cm2 allowing
the estimation of the CVF.
TABLE II
SUMMARY OF THE CHARGE-TO-VOLTAGE FACTORS
with the DDD increase for all investigated wavelengths. The
effective doping inside the photodiode may vary with DDD
and can degrade its photo-collection performance.
The influence of neutrons on the CVF, i.e., the first term
of the product in (1), is investigated using the mean–variance
characteristics from which the CVF is directly extracted from
the slope in the linear region [14]. Fig. 5 displays the mea-
sured curves before and after irradiation. Table II summarizes
the obtained CVF values as a function of neutron fluence.
It indicates that the slope decreases with increasing DDD.
Neutrons induce defects generation in the depleted volume,
leading to a reshape of the depleted volume and then to a
photodiode capacitance variation which is responsible for the
CVF change.
Fig. 6. Evolution of the normalized spectral response as a function of the
neutron fluence in the blue, green, red, and near-infrared electromagnetic
spectrum is reported. Normalized CVF as a function is also shown in the
right y-axis.
In Fig. 6, the evolution of the normalized responsivity in
the blue (450 nm), green (520 nm), red (630 nm), and near-
infrared (800 nm) is displayed. The comparison with the
evolution of the normalized CVF is also reported. It appears
that even if a part of the responsivity change is due to the CVF
drop, the QE of the CIS also decreases with DDD. This effect
is more pronounced in the near-infrared where the QE decrease
is higher, while for smaller wavelengths the QE drop is in the
same range as the CVF decrease. As already reported in [8],
this QE drop can be due to a depleted volume reduction.
This leads to a degradation of the photodiode photo-collection.
Moreover, minority carrier lifetime degradation leading to an
enhanced recombination of signal carriers is also a possible
explanation and such effect is expected in the investigated
DDD range [5].
Fig. 7 shows technology computer-aided design (TCAD)
electrical simulations for different doping concentrations
before and after irradiation in order to get more insights into
the mechanisms which drive the CIS electrical behavior at a
high neutron fluence. 2-D TCAD simulations are performed
using doping distributions obtained by the secondary ion mass
spectroscopy (SIMS) technique. A reset transistor is also
added to the simulation to emulate a floating node. Electri-
cal simulations are performed with the Synopsys Sentaurus
Device tool to estimate the depletion depth. In a first step,
the photodiode (NCIS in Fig. 7, e.g., n-doped photodiode)
is reset via the reset transistor, and the drain and the gate
being biased at the maximum voltage for this technology
VD = VG = 1.8 V. Then, once the reset transistor is off, the
depletion depth is extracted under the photodiode. As there
is no model included for the simulation of radiation-induced
doping variation, TCAD simulations of irradiated pixels are
performed by modifying the doping concentration of the













with q being the charge of the electron, εs the dielectric
constant of silicon, ND the donor concentration, Vbi the
built-in voltage, and Vrev the applied bias voltage. The various
Fig. 7. TCAD doping concentration simulations to illustrate the depleted
volume evolution with the increase in the DDD. (a) Nonirradiated pho-
todiode. (b) Photodiode after 1.12 × 1014 n(1 MeV)/cm2 exposure.
(c) 8.1 × 1014 n(1 MeV)/cm2 irradiated photodiode. The RST transistor is
placed to the left of the polysilicon gate.
epitaxy doping concentrations used in the simulation are
1.4 × 1015 cm−3 for the nonirradiated photodiode, 1.7 ×
1015 cm−3 at 1.12 × 1014 n(1 MeV)/cm2, and 3.1 ×
1015 cm−3 at 8.1 × 1014 n(1 MeV)/cm2. Fig. 7(a) displays
the cross section of the nonirradiated photodiode simulation
structure where the depleted volume reaches 48 μm3. The
depleted volume decreases at higher neutron fluences to reach
45 μm3 and down to 35 μm3 after 1.12 × 1014 n(1 MeV)/cm2
[see Fig. 7(b)] and 8.1 × 1014 n(1 MeV)/cm2 exposure [25% of
reduction; see Fig. 7(c)], respectively. TCAD simulations thus
confirm that CVF and QE drop with DDD can be attributed
to an effective doping variation at high neutron fluences [6].
As reported in [5], effective doping variation observed for
studied CIS at neutron fluences beyond 1014 n(1 MeV)/cm2
could be attributed to negative space charges induced by
irradiation which increase the already negative space charge
of the p-doped substrate.
C. Dark Current
Fig. 8 reports the mean dark current increase evolu-
tion with DDD, calculated over the entire pixel array,
with DDD. This increase has been modeled previously by
Fig. 8. Evolution of the mean dark current increase with irradiations. The
considered UDF value after one year of annealing at room temperature is
Kdark = 0.052 e− s−1/(TeV·g−1/μm3) and the depleted volumes considered
are reported in Table III [15].
TABLE III
SUMMARY OF CALCULATED DEPLETED VOLUMES
Srour and Lo [15] as
Idark = VdepKdarkDDD (3)
where Vdep is the depleted volume, DDD is the displacement
dose expressed in TeV/g (see Table I), and Kdark is the dark
current damage factor. As reported in [15], this model allows
determining by analysis the mean radiation-induced dark cur-
rent in silicon devices. For data shown in Fig. 8, the value
of Kdark takes into account the annealing factor [15], [16]
due to the fact that investigated devices experienced a one
year annealing before the measurements. In these conditions,
calculated Kdark is 0.052 e− s−1/(TeV g−1/μm3). The compar-
ison between experimental data and the model given by (3)
shows a fairly good agreement with the Universal Damage
Factor (UDF) for low DDD, so that the UDF model can be
safely applied up to 1.12 × 1014 n(1 MeV)/cm2 (DDD of
2.15 × 105) neutron fluence.
At the highest fluence, experimental data are not consistent
anymore with the UDF model. In Fig. 8, the depleted volume
change, reported in Section III-B, is taken into account for the
highest DDD. The correction for the depleted volume variation
leads to a lower dark current increase than the one predicted by
the UDF as shown by green cross of Fig. 8 (points highlighted
by red circle). Such high neutron fluences lead to complex
defect cluster interactions due to the high defects density that
could explain the observed differences [17], [18].
In order to evaluate the displacement damage induced
by neutrons, the dark current distributions before and after
irradiations are reported in Fig. 9. It is possible to see that,
due to the high neutron flux inducing a very high dark current
increase with increasing DDD, the distributions are calculated
Fig. 9. Distributions of the dark current in (a) gated diode before irradiation, (b) after 1.12 × 1014 n(1 MeV)/cm2, and (c) after 8.1 × 1014 n(1 MeV)/cm2.
with different bin sizes. This prevents the direct comparison of
the number of occurrences (i.e., pixel count) per bin. However,
the discussion on the dark current increase (i.e., the right shift
of the distribution) is still valid.
Before irradiation [see Fig. 9(a)], the maximum of the dark
current distribution is around 104 e−/s. This value is very high
compared with those of the pinned photodiodes (PPDs, of the
order of few e−/s). In PPD, the depleted region is removed
away from any Si/SiO2 interface, while in these 3T-gated
pixels, it overlaps the gate dielectric [13]. Interface states in
this oxide thus contribute to the dark current before irradiation
in the studied structure. Fig. 9(b) reports the dark current
distribution after 1.12 × 1014 n(1 MeV)/cm2. In this case, it is
possible to see that the dark current tail, commonly observed in
neutron-irradiated PPD, is not evidenced and the distribution
exhibits a Gaussian shape [19], [20] centered around 3.8 ×
105 e−/s. At such fluences, the mean number of interactions
per depleted volume is in the order of 200 and almost all
pixels are impacted. Finally, Fig. 9(c) shows the same dark
current distribution at the highest neutron fluence. In this
case, the typical Gaussian shape, here centered around 5.5 ×
106 e−/s, is shown but an additional tail also contributes to
the dark current distribution at higher values which may be
attributed to complex cluster interactions. This is related to
the high defects density induced by 8.1 × 1014 n(1 MeV)/cm2
irradiation. Furthermore, Section III-B shows that an effec-
tive doping concentration change is induced in investigated
samples. This would completely reshape the depletion region,
as usually observed in the silicon particle detectors (see [5]
and references therein). The results also suggest that at very
high fluences, most pixels are impacted by a huge number of
incoming particles, thus leading to an increase in the mean
dark current, which has never been observed up to now in
CIS after neutron irradiation.
Finally, from the distributions shown in Fig. 9, the dark cur-
rent nonuniformity (DCNU) can be extrapolated: it is observed
that neutrons affect the DCNU being that the standard devi-
ation of the distributions is 1.0 × 103 e−/s for nonirradiated
device, 1.9 × 104 e−/s at 1.12 × 1014 n(1 MeV)/cm2, and
2.9 × 105 e−/s at 8.1 × 1014 n(1 MeV)/cm2.
D. Random Telegraph Signal
Fig. 10 focuses on the dark current random telegraph signal
(RTS) evolution with time. RTS pixels are detected using a
Fig. 10. (a) Dark current evolution with time of two gated
diodes after 1.12 × 1014 n(1 MeV)/cm2 (blue curve) and 8.1 ×
1014 n(1 MeV)/cm2 (red curve) exhibiting a dark current RTS behav-
ior. (b) Zoom of 1.12 × 1014 n(1 MeV)/cm2. (c) Zoom of 8.1 ×
1014 n(1 MeV)/cm2 irradiated pixels makes it possible the RTS behavior.
rising edge detection algorithm [21], [22] with a 1-s sampling
period on 20 000 images. A selected pixel from the CIS
irradiated at 1.12 × 1014 n(1 MeV)/cm2 and another pixel
Fig. 11. Evaluation of the dominating degradation mechanism with respect
to the DDD and TID effects. The relative importance of TID-induced dark
current (from [11]) and DDD-induced dark current (from this work) is used
to plot this curve and determine the two regions in this graph.
from 8.1 × 1014 n(1 MeV)/cm2 irradiated device are displayed
in Fig. 10(b) and (c), respectively.
These two examples are representative of the highest
RTS amplitudes measured on these irradiated devices. They
show that the mean dark current and its associated shot
noise are very high at these DDDs compared to those
high-amplitude RTS. The magnifications in Fig. 10(b) for
1.12 × 1014 n(1 MeV)/cm2 and Fig. 10(c) for 8.1 ×
1014 n(1 MeV)/cm2 show indeed that, despite this high
RTS amplitude, it is more and more difficult to detect RTS
fluctuations with DDD since they are partly screened by the
absolute dark current value itself. A direct consequence of
this observation is the fact that most RTS fluctuations are
hidden by the dark current increase. It is thus impossible to
separate the RTS behavior from the shot noise of the dark
signal at the highest fluence. For these reasons, a relevant
statistical analysis cannot be carried out.
This qualitative comparison of RTS pixels points out that,
at those high fluences, the RTS phenomenon is too difficult
to observe. This does not mean that RTS behavior is reduced
at the investigated neutron fluence but it is not anymore the
most critical performance limiting factor which is contrary to
what is usually reported at lower DDD.
IV. DISCUSSION AND CONCLUSION
In this article, MGy radiation-tolerant CISs are exposed to
neutron fluences beyond 1014 n(1 MeV)/cm2 and their perfor-
mance characteristics are studied after irradiation to estimate
their capability to operate in a high DDD environment.
The main outcome highlighted by the reported results is
that, even if neutron-induced degradation affects all the image
sensor parameters, this technology is still functional after
8.1 × 1014 n(1 MeV)/cm2. CISs can still capture an image
sufficiently well defined to be safely used despite the harsh
radiation environment.
The main neutron-induced damage reported at such high
DDD are the following:
1) The CVF drops with the DDD increase because of a
photodiode capacitance change.
2) A reduction of the QE has been observed in the visible
spectrum due to a reduction of the depleted volume [8]
as well as trap creation reducing mobility of collecting
charges.
3) Electrical TCAD simulations taking into account effec-
tive doping variations have confirmed the hypothesis of
the reduction of the depleted volume at the investigated
neutron fluences.
4) The mean dark current increase as a function of DDD is
in agreement with the UDF up to ∼1014 n(1 MeV)/cm2.
However, experimental data do not fit anymore the
model at ∼1015 n(1 MeV)/cm2 (even after application
of the depleted volume correction factor). This is mostly
due to complex cluster interactions related to the high
defect density induced by neutron irradiations [17], [18].
5) Dark current distributions at this high fluence do not
show the tail due to displacement damage effects usually
reported in the literature. This is due to the fact that,
since the number of incoming particles which interact
with each pixel is orders of magnitude higher than
those observed in previous studies, the entire array is
uniformly affected by the irradiation. Indeed, the distri-
butions have mainly a Gaussian shape [19], [20].
6) Only few pixels exhibit measurable RTS fluctuations
since they are mainly hidden by the high dark current
and shot noise at ultrahigh neutron fluences showing that
at these high fluences RTS pixels are not anymore a
limiting radiation-induced degradation.
Since this technology is used in high TID environments, it is
useful to evaluate, depending on the TID and DDD in a given
environment, which degradation will dominate. Fig. 11 shows
a curve which extrapolates the results of this article for DDD
effects and from [13] for TID damage which investigated
the same CIS technology up to 6 MGy(SiO2). It shows that,
roughly, the 1-MeV equivalent neutron fluence (in cm−2) has
to be 109 larger than the TID expressed in gray to limit the
performance up to a TID of about 0.5 MGy. Thus, the neutron
fluence has to reach 5 × 1014 n(1 MeV)/cm2 to dominate the
CIS degradation. This chart can be used as a figure of merit
to determine which type of radiation effect will limit the CIS
performance in an ultrahigh dose environment involving both
TID and DDD.
This is very encouraging for applications such as ITER or
nuclear waste repository monitoring where both gamma-ray
and fast neutrons can be present.
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